Abstract-This paper present a performance analysis of bi-directional converter using continuous switching pulse width modulation (CSPWM) and sinusoidal pulse width modulation (S-PWM) techniques. The analysis is carried out by means of rectification and inversion operation using two cases. In CASE-I CSPWM technique is used for the rectification operation and S-PWM is for inversion operation. And in CASE-II both the rectification and inversion are implemented using S-PWM technique. Both the modulation techniques are digitally implemented and the optimized parameters are achieved without current control loop. The analysis is based on the optimization of parameters like power factor, voltage regulation, harmonic distortion and bi-directional operation.
I INTRODUCTION
Conventionally, ac-dc converters, which are also called rectifiers, are developed using diodes and thyristors to provide controlled and uncontrolled dc power with unidirectional and bidirectional power flow [1] . They have the demerits of poor power quality in terms of injected current harmonics, caused voltage distortion and poor power factor at input AC mains and slow varying rippled DC output at load end, low efficiency and large size of ac and dc filters [2] .
Generally, the control structure of a three-phase six switch PWM boost converter consist of an inner current control loop and outer voltage control loop [3] . The current controller senses the input current and compares it with a sinusoidal current reference. To obtain the current reference, the phase information of the utility voltage or current is required. This information is obtained by employing a phase lock loop (PLL), which creates transients if the frequency ratio changes [4] . To simplify the control structure, one-cycle-control (OCC) based AC-to-DC converter has been proposed [5] [6] [7] . However, the scheme based on OCC exhibit instability in operation when magnitude of the load current falls below a certain level or when the converter is operating in the inverting mode of operation. To avoid it a modified OCC Bi-directional high power factor AC-to-DC converter is proposed in [8] . This scheme uses saw-tooth wave to generate PWM pulses which incorporate low frequency harmonics. OCC presents some drawbacks intrinsic with its physical realization: the controller and its parameters can not be modified without hardware re-design; moreover they are influenced by temperature drifts, typical of analog systems.
A new single phase multilevel flying capacitor active rectifier using hysteresis based control is reported in [9] , the power factor and output voltage regulation is achieved by controlling the input current. PLL is used to find the phase information of input voltage which creates the transients as the frequency ratio changes. Smart charger for electrical vehicle using three wire distribution feeders is proposed in [10] . To achieve bi-directional flow six active switches are used, which increases switching losses, hardware and complexity. This paper not only presents the comparative study between two cases but addresses the aforementioned drawbacks. The used converter is bridgeless, transformer-less and output DC current sensor less. All the above mentioned schemes are implemented digitally to incorporate the advantages of digital implementation. The detail simulation is carried out using MATLAB/Simulink and to validate it experimental setup is develop using DSPic33FJ64MC802 digital controller for 1KW system.
II SYSTEM MODELING
To understand the principle of single phase bi-directional converter to achieve high power factor in both the directions (from source to load and load to the source) and output DC link voltage regulation a simple converter is explained shown in Fig.  1 . VIN and Iin are line voltage and line current respectively. For any change in load, load current IL varies due to this change input current Iin varies which affects on power factor. To
International Conference of Electrical, Automation and Mechanical Engineering (EAME 2015)
compensate it average fundamental voltage VAB is adjusted using Pulse Width Modulation (PWM) technique. FIGURE I. SINGLE-PHASE FULL BRIDGE CONVERTER. Fig. 2 (a) shows the control block for single phase converter to achieve the high power factor, DC voltage regulation, bi-directional power flow and reduced current harmonics. VO* is the reference output voltage that we want to achieve. The actual feedback voltage VO is compared with the reference voltage VO*. The output of the comparator is the difference between them we called it is error; this difference is then fed to the voltage controller in order to take the action against it. Because any change in output capacitor voltage VO as shown in Fig. 1 due to change in load there is change in load current and we know in ideal case for 100% efficiency output power is equal to input power as shown below:
Control block for single phase converter
(1) V IN-peak and I inpeak are peak values of input voltage and input current. As I L changes, the product change so to compensate it peak value Iin necessary to change hence output of controller is Iin* that is required reference input current. This Iin* flowing through inductor. The actual input current Iin is sensed and compared with the reference input current Iin*. The difference between them is fed to the current controller. The current controller is adjusted such that for any change in input current Iin, it adjust the average fundamental voltage Vr (VAB). Hence output of controller is reference average fundamental voltage Vr* and is fed to the PWM converter. This reference fundamental voltage is acts as a modulating signal to the PWM converter. The carrier frequency is chosen so high that PWM converters action becomes faster, so that Iin and Iin* remains sinusoidal and unchanged. Also Iin and V IN both are sinusoidal and in phase to get high power factor. From Fig. 1 the input side representation of the single phase converter circuit is shown in Fig. 2 (b) . From this we can find the actual input current Iin. By applying KVL, we can write the equation as below: 
III SIMULATED AND EXPERIMENTAL RESULTS
In order to check the performance of converter using CSPWM and SPWM techniques for rectification and inversion using SPWM technique detail simulation is carried out on MATLAB/Simulink platform and the DSPic33FJ64MC802 digital controller is used for the implementation. The parameters selected for the simulation and implementation are listed in Table 1 . The output DC voltage 300V keeping constant and the DC side load changed from 1KW to 400W. The experimental waveforms are adjusted on screen using divider network for clear visualization. Fig. 3 . Trace 1 of Fig. 3a shows the simulated waveform of line current following the line voltage to indicate the unity power factor. The experimental result for the same is shown in Trace 2 of Fig. 3a . This shows the exactly similar result like simulated waveform. The channel 1 is at 50V/Div and channel 3 is at 5Amp/Div.
The DC side load is changed from 5% to 80% periodically to show the output voltage regulation which is shown in Fig. 3b . Trace 1 of Fig. 3b shows simulated result, it can be seen that as load changes from 80 % to 5% and from 5% to 80% the DC link voltage remains regulated. Trace 2 shows experimental result for the same. It can be observed that the DC link voltage regulated within very small period which is negligible when load change occurred. Channel 2 and 4 are at 50V/Div and channel 3 is at 2Amp/Div. Trace 3 visualizes the step change and period of DC link voltage regulation after load change occurred. When load changes from 5% to 80%, time/division knob is at 250msec which shows the voltage regulated within the period of 40msec, the line current increases and line voltage remains constant. The line current harmonics pattern is show in Fig. 3c . It can be observed that all the lower order harmonics and 3rd harmonics are totally discarded while 5th and 7th harmonics are reduces up to negligible level. 
B. Simulated And Experimental Results Of Rectification
Using SPWM Simulated and experimental result waveforms for rectifying mode of operation are shown in Fig. 4 . Trace 1 of Fig. 4a shows the simulated waveform of line current flowing maximum at the peak of line voltage and almost zero at the starting to indicate the degradation in power factor. The experimental result for the same is shown in Trace 2 of Fig. 4a . This shows the exactly similar result like simulated waveform. The channel 1 is at 50V/Div and channel 3 is at 5Amp/Div.
The DC side load is changed from 5% to 80% periodically to show the output voltage regulation which is shown in Fig. 4b . Trace 1 of Fig. 4b shows simulated result. It shows that when load changes from 5% to 80% the voltage regulated within the period of 100msec, also the line current and line voltage disturbance increases. The line current harmonics pattern is show in Fig. 4c .
C. Simulated And Experimental Results Of Inversion Using SPWM
To show the bi-directional operation using the same converter the inversion operation is shown in Fig. 5 . The simulated result in Fig. 5a shows the inverted current is exactly 180o of inverted voltage. The experimental results are taken for pure resistive load shown in Fig. 5b .
D. Parametric Study Between Proposed CASES
The comparisons between the two CASES are made for various loads ranging from 90Ω to 250Ω. The parameters observed during the comparison are power factor, THD and DC load current. The detail graphical representation is shown in Fig.  6a and 6b. Figure 6a shows the parameters for the CASE-I (rectification using CSPWM and inversion using SPWM). It can be observed that full load power factor is 97.8% and THD is 6.3% only. The parameters for the CASE-II (rectification and inversion both using SPWM) are shown in Fig. 6b . It is shown that power factor is 80.3% and THD is 19.8%.
IV CONCLUSION
Two schemes CSPWM and SPWM are reported for the same converter for rectification and inversion operation. The scheme using rectification with CSPWM and inversion with SPWM exhibit remarkable advantages such as high power factor, less DC link voltage stabilization period and low THDs. Compare to this scheme second scheme (rectification and inversion both using SPWM) is less efficient. The detail simulation studies are carried out to show the comparison and effectiveness of the schemes. The feasibility of the schemes is confirmed through the detail experimental studies. 
